The storm events in the Baltic Sea are examined in connection with the main weather patterns grouped into the circulation types (CTs), and their changes in present climate. A calendar of storms was derived from results of wave model SWAN (Simulating WAves Nearshore) experiments for 1948-2011. Based on this calendar, a catalogue of atmospheric sea level pressure (SLP) fields was prepared for CTs from the NCEP/NCAR dataset. SLP fields were then analyzed using a pattern recognition algorithm which employed empirical orthogonal decomposition and cluster analysis. For every CT we conducted an analysis of their seasonal and interannual changes, along with their role in storm event formation. An increase of the storm CTs' frequency in the second part of the 20th century was shown to be in a close agreement with teleconnection circulation patterns such as the Arctic Oscillation, North Atlantic Oscillation and the Scandinavian blocking.
Introduction
Storms in the Baltic Sea are essential for the environment of the sea as well as social and economic activities [1, 2] . Storminess is very dependent on the surface wind climate which in turn is related to large-scale atmospheric circula-tion and pressure fields. However, many regional features, such as coastline configuration, orography and sea floor topography also lead to the spatial variability of storm locations and characteristics. Certain weather patterns initiate storm waves in different parts of the sea. Classification of these patterns based on mathematical methods allows not only the analysis of existing situations, but movement towards climate forecasting of future storm events. This study continues our work on the large-scale atmospheric circulation influencing the storm activity in the Baltic Sea on the base of circulation types (CTs) classification. In a previous paper [3] we discussed results for the Black Sea and the Caspian Sea obtained with the same methods as described herein.
A limited group of atmospheric events is known to result in sea storms. These infrequent events have statistic indicators, but these are not overly reliable because of short data samples. What can we do to obtain their statistical description?
One approach relies upon hypotheses that the dependence of statistical indicators of extreme storm events on the behavior of the background system is unknown. Here, a following method can be used -from a heterogeneous data the CTs of storm days are selected and their distribution functions are determined. The general distribution function then unifies the partial distribution functions of all derived homogeneous samples weighted proportionally to their time length. This is traditional way of statistic analysis in hydrological calculations [4] . The problem of this approach is the short length of data samples and a priori determination of homogeneous samples. A second approach is applicable if we know the dependence of statistical factors on the background behavior of the system. In the case of our research of extreme weather events, this is the dependence of sea storms on wind strength and, therefore on the atmospheric pressure field. Considering the specific configuration of the sea level pressure (SLP) field as a predictor of storm events, we determine the frequency of strong storm events to be dependent on certain largescale baric structures. Using this method the hypothesis is accepted [5, 6] that external forcing (e.g. global climate changes) does not transform the set of states but rather affects the mean duration time that the system remains in the same state. Shortcomings of this method include the justification of statistical separation of system states. In recent years however there have been arguments supporting the emergence of new states that may arise in response to changes in the background biophysical conditions (e.g. global climate change): a notable example of this is the El Niño Modoki phenomenon [7] , which replaces the canonical El Niño in some years. In this paper however, we adhere to the first concept, in particular because it is difficult to identify new events based on short series of observations.
Our investigation focuses on the connection between large-scale circulation and environmental variables and relies upon the "environment -to circulation" method [8] . Unlike the alternative "circulation -to environment" method [8, 9] -which is based on the classification of all CTs' patterns along with a calculation of their frequency for extreme events -we chose to classify only those weather patterns associated with extreme events. However both approaches are widely used in various fields of the atmospheric sciences. An extensive review of existing classification methods was performed by Huth et al. [8] . For instance, investigation based on the environmentto circulation approach is applied in [3, 9] . The alternate circulation -to environment method is successfully implemented in the framework of the COST733 action (http: //cost733.met.no) entitled "The harmonization and application of weather types classifications for European regions". Results of various regional classifications are presented in [e.g. 10-13]). A wide spectrum of the works devoted to the Baltic Sea also include different approaches to general weather pattern classifications for the Baltic region and features of large-scale SLP fields accompanying storm wave formation ([e.g. [14] [15] [16] ).
In order to have a sea storm calendar with principal wave characteristics, the wave model SWAN (Simulating WAves Nearshore) [17] [18] [19] was used for 1948-2011 using wind forcing from NCEP/NCAR Reanalysis [20] . The criteria for a storm day was chosen as those with a significant wave height of 4 m or greater. For those days sea level pressure (SLP) fields were then used to classify atmospheric circulation patterns.
The Baltic Sea is a large inland sea of complex configuration connected through Kattegat and Skagerrak sounds with the North Sea and the Atlantic Ocean (Fig. 1) . Detailed description of the geographical and hydrometeorological features of the Baltic Sea Climate can be found in [21, 22] .
The climate of the region is transitional between marine and continental type. The large-scale atmospheric circulation patterns in the Baltic Sea region are influenced by prevailing westerlies and the North Atlantic Oscillation (NAO), which is the dominant mode of near-surface pressure variability for the North Atlantic and neighboring land air masses. Tracks of mid-latitude cyclones on their way from the Atlantic to the east often lie through the Baltic Sea bringing severe winds and storms. However it is not only cyclonic weather conditions that induce storms in the Baltic Sea. Blocking of the atmospheric flow is frequently observed in the region, and is accompanied by strong winds and storm waves. Storms frequency increases dramatically during winter with a maximum in December when the horizontal near-surface atmospheric pressure gradient is high and winds are very strong. This in turn is often caused by a strengthening of the Asian maximum over the continent and high cyclonic activity in the Northern Europe. During winter the percent frequency of wind speeds V ≥14 m/s is 16% in the open sea and 8-9% in gulfs, while speeds V ≥20 m/s occur 1% and 0.5% of the time respectively [23] . In the summer time, V ≥14 m/s are observed for 10% of the time. In December mean wind speed is 7-8 m/s, compared to 4-5 m/s in May-June. The strongest winds are observed in the wide central part of the sea (Baltic Proper) and in the Gulf of Finland, where the eastward stretches increase fetch length during westerlies. The Baltic Sea extends mainly north-eastward but has large gulfs and bays. This is why storm location is usually regionally restricted depending on wind direction.
The wave regime of the Baltic Sea is highly dependent on wind [24] . A large amount of work has been devoted to examining the storminess of the Baltic Sea and the hazards and risks connected with storm waves [e.g. 25-28, etc.] . Reconstructions over the past 200 years show that storminess in Northern Europe is dominated by large multidecadal variations rather than long-term trends [27, 28] . During the second half of the 20 th century, large changes were observed in the wind climate over the Northeast Atlantic and Northern Europe. An unusually calm period occurred from 1960 to 1970. This coincided with a period with a strongly negative NAO index and a very high frequency of Euro-Atlantic blocking in winter. These conditions prevented or weakened the westerly flow and led to lower wind speeds and fewer storms over Scandinavia [29] . This period was followed by a strong increase in annual and winter-to-spring storminess with unprecedented high winter storminess in the early 1990s, during which the NAO index reached very high values. In the first decade of the 21 st century, wind speeds returned to average values in the Baltic Sea area. Factors of storminess in the Baltic Sea are widely studied both on the basis of observation data and modeling results. Present studies of storm weather patterns for the Baltic Sea may differ in their sources of data, time period, scale of regionality or methods of analysis, however they are all in agreement with their descriptions of the main types of atmospheric circulation for storm cases. The purpose of this study is to obtain quantifiable and physically justified parameters of storm synoptic situations based on long time period reanalysis and modeling. This will allow the development of reliable characteristics for use in the climate forecasting of the sea storminess.
Data and methods
Observational data of the wave height for the Baltic Sea is highly variable both in time and space. For this reason, the calendar of storm events used in this work was derived for the period 1948-2011 from numerical storm simulation results of SWAN (Simulating WAves Nearshore, version 40.85). SWAN is a third-generation wave model, developed at Delft University of Technology and was created for computing random, short-crested wind-generated waves in coastal regions and inland waters [17, 18] . However, comparison with other models (WAM and WATCH III) showe that it also produces reliable results for the open sea. The SWAN model is based on the wave action balance equation (or energy balance in the absence of currents) with sources and sinks. It uses typical formulations for wave growth by wind, wave dissipation by whitecapping, and fourwave nonlinear interactions (quadruplets or "quads"). SWAN includes multiple wave propagation processes, such as: propagation through geographic space, refraction due to spatial variations in bottom and current, diffraction, shoaling due to spatial variations in bottom and current, blocking and reflections by opposing currents, and transmission through the obstructionor reflection by obstacles. The processes describing wave generation and dissipation include: generation by wind, dissipation by whitecapping, dissipation by depth-induced wave breaking, dissipation by bottom friction and wave-wave interactions in both deep and shallow water. The SWAN model can work on regular, curvilinear and unstructured grids using Cartesian or spherical coordinate system. All processes listed above are taken into account in numerical experiments for the Baltic Sea except wave refraction due to current and wave dissipation by marine vegetation.
Sea floor topography (0.05 × 0.05 degree, rectangular grid) and surface wind speed and its direction are used as model inputs. The wind forcing dataset was extracted from NCEP/NCAR reanalysis 20n] for the 6-hourly values available at 00 UTC, 06 UTC, 12 UTC and 18 UTC (1.9 × 1.9 degree). For the methodology of our SWAN numerical experiments we referred to [30, 31] . For the Baltic Sea, computing of every new year started from the previous one, and thus the set of results is uninterrupted. Supercomputers "Chebyshev" and "Lomonosov" of the Moscow State University were used for the numerical experiments.
For the analysis of significant wave height H (33% probability)we used wave direction, period, length and ripple height. The days were chosen when the modeled significant wave height was 4 m or greater. The threshold of H = 4 m is based on the State standard of general requirements for safety in emergences [32] , which specifies waves with a height of 4 mor more in the coastal zone and 6 m or more in the open sea as hazardous ones. According to the SWAN results there were 412 storm cases (with H ≥4 m) for the Baltic Sea during 1948-2011. Herein, the days from this storm calendar will be referred to as storm days or SWAN storm days. Other examples of SWAN implementation for other seas are discussed in [33] [34] [35] [36] [37] [38] .
To determine daily circulation patterns at the regional scale, daily mean sea level pressure (MSLP) data was used from the NCEP/NCAR reanalysis dataset [20] for the European and Western Russia Region (0-90 ∘ E, 30-80 ∘ N) for the period 1948-2011. Wind speed and direction determine the value of the flux of momentum from the atmosphere to the sea. Beside the wind, the storm wave parameters also greatly depend on the sea size, depth, bottom topography, coastline configuration, fetch length and duration of storm winds. These factors, with the exception of wind, are not the results of atmospheric processes which occur on the same short time-scales as storms. It is the near-surface wind that plays the most important role in storm wave forcing. However, it is the wind which is the product of the atmospheric pressure field configuration and of the horizontal pressure gradient. This is very useful because atmospheric pressure is the most reliable meteorological parameter produced by reanalyses and by climate general circulation models. This allows the use of the atmospheric pressure field as a predictor of storm events and to progress from using it for climate hindcasting to climate forecasting. Examples of the successful use of mean sea level pressure in previous classification procedures can be found in [e.g. 3, 10, 39, 40].
Our investigation was organized into several steps: obtain the storm calendar, classify storm sea level pressure fields (hereinafter referred to as storm SLP), extract the main features of circulation pattern for each type, and evaluate the frequency of each type for the hindcasting period (1948-2011).
Storm cases were determined from data for the full SWAN hindcasting period (1948-2011), but we mainly discuss and compare two periods of 20 years -1961-1980 and 1981-2000 . These periods may represent noticeably different climatic regimes divided by a known shift of atmosphere-ocean system which started in the late 1970s.
Atmospheric circulation types are obtained by cluster analysis (k-means approach [e.g. 3, 41]) preprocessed by Empirical Orthogonal Function (EOF) analysis [e.g. 42] to reveal the fewest leading modes that determine the most variance. These techniques of EOF decomposition and k -means cluster analysis (used either together or in combination with other analyses) are widely used in circulation type classifications [3, 39, 40, 43-47, etc.] .
For every storm case from the calendar we first prepared a dataset consisting of 30 daily SLP grids which included the storm day and the 15 days prior and 14 days after. After EOF decomposition of daily SLP grids, the first three eigenvectors explaining more than 70% of the variability were retained [3] , thus filtering any high-frequency perturbations. Herein, these are referred to as SLP EOF . SLP EOF fields for storm days were used as input variables to classify circulation patterns. Definition of circulation types was carried out using the k-mean cluster analysis. The k-means algorithm starts with a preset number of clusters k and then moves objects between clusters with the goal of first minimizing the variance within clusters and second, maximizing the variance between clusters. Cluster centroids (ensemble means of cluster members) were constructed for each circulation type by averaging the SLP grids of all days that belonged to the same circulation type. The validity of assigning a SLP field to a certain cluster on the area size was checked by starting with the initial territory 0-90E, 30-80N and reducing it gradually until it was comparable with the sea size. Subsequently, we found that this did not influence the result of sorting. Finally, we left area 0-90 ∘ E, 30-80 ∘ N for centroid construction to have full large-scale synoptic view of the circulation pattern.
In the last part we discuss the results of the comparison of storm frequency and mean teleconnection indices. For this we used monthly tabulated indices for teleconnection pattern amplitudes dating back to 1950 from the data of NOAA Climate Prediction Center [48] . The most important global circulation patterns described by these indices for the Baltic area are the North Atlantic Oscillation (NAO), the Arctic Oscillation (AO), the Scandinavian blocking (SCAND), the East Atlantic/Western Russia (EA/WR) and the Polar Eurasia (POLEUR). Comparison of storm frequency and values of teleconnection indices was carried out based on Pearson correlation coefficients [49] .
Results and discussion
Storm events (with H ≥4 m) modeled by SWAN were included into our storm calendar to classify the synoptic patterns that accompany Baltic Sea storms. Time series of annual storm frequency (Fig. 2) demonstrated noticeable interannual and decadal variability. The relatively stable regime of 1950s and 1960s was replaced by a positive trend in the 1970s which, while briefly interrupted at the end of the 1980s, continued on until the first part of the 1990s. Seasonal changes of storm event frequency were very pronounced (Fig. 3) with the highest activity in NovemberJanuary Four main circulation types of SLP daily fields were revealed (Fig. 4, 5 ). Types 1, 2 and 4 have several common features, the main one being the dipole structure of SLP with negative anomalies in the North and positive in the South. Despite likenesses they differ clearly in the position of their negative anomaly centers which shows the diversity of prevailing tracks of Atlantic mid-latitude cyclones. Types 1, 2 and 4 exhibit the influence of westerly air flow and cyclones moving with them towards the Baltic Sea along different trajectories. In case of CT 1, the center of cyclones is located over the Baltic Sea, for CT 2 it is over the Norwegian Sea, and for CT 4 it is over the North of Scandinavian peninsula. Circulation Type 3 is meanwhile completely opposite to others. This regime is often referred to as Scandinavian blocking and is characterized by a strong positive height anomaly over Northern Europe [50] . Scandinavian blocking occurs on average 24.5% of the time during winter [51] and plays an important role in the Euro-Atlantic weather regime along with NAO and Atlantic Ridge. The fields of 500 hPa isobaric surface (Fig. 5 ) repeat main features of SLP CTs and indicate that specific structures in the large-scale field of atmospheric pressure for storm days are traced through the low and middle troposphere. These are consistent with SLP by the sign of anomalies and by the position of their centers. The choice of number of CTs could be a subject for discussion. For example, in [23] a comprehensive review was made of storm cyclones and anticyclones tracks types for the Baltic Sea. Often the authors grouped the synoptic situation for storms days according to the eight compass rhumbs of the baric centers' track directions (e.g. north, north-east etc.). Meanwhile two additional types wre treated for blocking cyclone and anticyclone. This method is very useful in the case of detailed real time synoptic forecasting of the storm alarm possibility, but rather difficult for use in climate forecasting. Four circulation types proposed in our investigation wre consistent with previous works and include main features of previously proposed CTs. An additional advantage of our approach is the simplicity of examining similar synoptic situations for the past and future climate using formal mathematical methods.
Storms in the Baltic Sea occur mainly in winter ( (Fig. 6, Fig. 7 ). Further analysis showed weakening of CT 3 anticyclonic influence for the storm activity and at the same time, an increase of cyclonic CT 1, CT 2 and CT 4 importance. The end of 1970s was marked by noticeable changes in the ocean-atmosphere system [52, 53] . The two time periods chosen for our investigation can therefore be treated as different climate states.
The Euro-Atlantic circulation regime of the atmosphere is well described by leading modes of SLP and isobaric surface topography fields [44, 51] . The most important of these are the Arctic Oscillation (AO), the North Atlantic Oscillation (NAO), the Scandinavian blocking (SCAND), the East Atlantic/Western Russia (EA/WR) and the Polar Eurasia (POLEUR). The comparison of annual number of storm days and teleconnection circulation indices of typical weather patterns shows that there are three main circulation types which influence the Baltic storm regime (Table 1) : AO, NAO, SCAND, whereas EA/WR and Polar Eurasia (POLEUR) show weak significant correlations only for the negative phases. Changes of storm activity are well supported by prevailing phases of climatic indices (Table 2 ). Most notably, in 1961-1980 the years prevailed with negative NAO, AO, EA/WR and positive SCAND and POLEUR. This period was characterized by high blocking activity in Europe and weakening of the westerly flow [29] . The following two decades demonstrated a more balanced ratio of positive and negative phases for AO and POLEUR, an increase of positive NAO and a noticeable decrease of SCAND with a tendency of increasing activity of mid-latitude cyclones. Storm frequency also increases in 1981-2000, showing good consistency with atmospheric circulation.
Every storm atmospheric circulation type revealed for the Baltic Sea was correlated with different phases of climatic indices (Fig. 8, Fig. 9, Fig. 10 ). As expected, cyclonic patterns CT 1, CT 2 and especially CT 4 were more frequent with positive AO and NAO and negative SCAND. Scandinavian blocking CT 3 displayed marked correlation with negative AO (Fig. 7) . Comparison of CT 3 with NAO and SCAND showed that CT 3 can be observed both in negative and positive phases of NAO and SCAND.
Conclusion
Atmospheric circulation patterns for the Baltic Sea storm events were studied for the 1948-2011 period. A storm events calendar was prepared based on numerical experiments with the wave model SWAN and only storms with a significant wave height of 4 m or greater were chosen. The seasonal pattern of storm frequency with winter storms prevailing was pronounced. For Baltic Sea storm events four principal atmospheric circulation patterns were revealed. It was shown that by the end of the 20 th century the storm activity in the Baltic Sea had increased. It was also found that the frequency of circulation types was redistributed in 1981-2000 compared to 1961-1980. Nevertheless, for both periods the main CTs are the same. This result provides an important foundation for the statistical climate projection of storm activity over the Baltic Sea in future research because 1) Storms are formed under the large-scale SLP fields which are well simulated by atmospheric circulation models used for future climate evaluation, 2) The consistency of the main storm CTs structure allows the study of the statistical characteristics of these CTs compared to the great variability of another synoptic structures of the SLP field. This will also allow the development of statistical descriptions of storm CTs for the climate of the future. The tendency of storm activity and CTs regime is shown to be well supported by hemispherical circulation regimes characterized by climatic indices. Furthermore our novel research of the quantitative description of storm CTs will allow climate projections of their frequency based on SLP data under future climate regimes.
